Although epistasis is common in gene systems that determine quantitative traits, it is usually not possible to estimate the epistatic components of genotypic variance because experiments in breeding programs include only one type of progeny. As the study of this phenomenon is complex, there is a lack of theoretical knowledge on the contribution of the epistatic variances when predicting gains from selection and on the bias in estimating genetic parameters when fitting the additive-dominant model. The objective of this paper is to discuss these aspects. Regarding a non-inbred population, the genetic value due to dominance and the epistatic components of the genotypic value are not indicators of the number of favorable genes present in an individual. Thus, the efficiency of a selection process should be based on the narrow-sense heritability, a function only of additive variance. If there is no epistasis, generally it is satisfactory to assess the selection efficiency and to predict gain based on the broad-sense heritability. Regardless of the selection unit or type of epistasis, the bias in the estimate of the additive variance when assuming the additive-dominant model is considerable. This implies overestimation of the heritabilities at half sib family mean, plant within family and plant levels, and underestimation if the selection units are full sib progenies. The predicted gains will have a bias proportional to that of the heritability.
Introduction
The methodologies generally used to study quantitative trait inheritance, including interaction between non-allelic genes, are generation mean analysis (Mather and Jinks, 1974) , that permits estimation of linear components of genotypic means, and triple test cross analysis (Kearsey and Jinks, 1968) , which permits testing the existence of epistasis. Rebetzke et al. (2003) reported epistatic gene action from crosses between a wheat variety with low leaf conductance and three with high leaf conductance values. Kumar et al. (2003) observed that wheat embryo resistance to Noevossia indica also depended on epistatic effects. In the presence of the pathogen, they identified complementary epistasis for fresh weight of calli. Interaction between gene combinations of two and three loci was observed by Sharma et al. (2003) in a study of spike length inheritance in durum wheat plants. At normal and late sowing, digenic epistatic effects predominated compared to additive and dominance effects. In a study of mungbean resistance to Erysiphe polygoni, Gawande and Patil (2003) observed duplicate epistasis for disease incidence and area under disease progress curve. Zhao and Meng (2003) reported gene interaction in rapeseed plant resistance to Sclerotinia sclerotiorum. The predominant type of epistasis was additive x additive. With the objective of determining the importance of epistatic effects in maize hybrid production, Hinze and Lamkey (2003) observed significant epistatic interaction in five of the forty cases analyzed. Although with a smaller contribution to soybean plant resistance to Cercospora sojina, as compared to the mean effects of genes and allelic interactions, Martins et al. (2003) reported epistasis to be responsible for the degree of infection, number of lesions per foliole, mean lesion diameter and disease index. Khattak et al. (2003) used a triple test cross to detect that epistasis was responsible for two secondary components of mungbean plant yield, only in the spring/summer planting. Regarding number of branches and biomass, partitioning of total epistasis revealed additive x additive, additive x dominant and dominant x dominant epistatic interactions, with predominance of the first type.
The estimation of epistatic components of genotypic variance is unusual in genetic studies because of limitation of the methodology, as in the case of the triple test cross, the high number of generations to be produced and assessed (Viana, 2000) , and mainly because only one type of progeny, half sib, full sib or inbred families, is commonly included in the experiments. Even with the phenotypic values of plants in the families and in one or more genetically homogeneous populations, for estimation of the environmental variance at plant level, the breeder has two equations, the mean squares between and within families, to estimate at least five genetic variances, assuming a non-inbred population and digenic epistasis (Hallauer and Miranda Filho, 1988 ). An exception is the study by Braga (1987) . Commonly, the additive-dominant model is fitted, assuming epistasis to be negligible or non-existent. As epistasis is common and not occasional, the consequences of this necessary simplification should be known. Furthermore, because of the complexity of theoretical studies on epistasis, there is a lack of information about the contribution of the epistatic components of genotypic variance when predicting gains from selection. The objective of this study was to produce theoretical knowledge on these problems.
Methods, Results and Discussion

Genotypic variance in non-inbred populations
The genotypic value of an individual in relation to two loci (A and B) is (Kempthorne, 1955) :
where α represents the effect of a gene, δ represents the effect of interaction between alleles (due to the presence of a pair of alleles), αα represents the additive x additive epistatic effect (due to the presence of a pair of non-allelic genes), αδ represents the additive x dominant epistatic effect (due to the presence of a gene of one locus and a pair of alleles from another locus), and δδ represents the dominant x dominant epistatic effect (due to the presence of two pairs of non-allelic genes). Under the restrictions The mean of the genotypes containing gene A i is: (Falconer and Mackay, 1996) .
The mean of the genotypes containing the A i and A j alleles is:
The genetic value due to dominance of the genotype
if the individual is homozygous for the gene that increases the trait expression, δ ij A a a a
if it is homozygous for the gene that decreases the expression of the characteristic (Falconer and Mackay, 1996) .
The mean of the genotypes containing both the A i and B m genes is:
The mean of the genotypes containing genes A i , B m and B n is:
Finally,
Assuming that the population is in linkage equilibrium, all the genetic effects and values are un-correlated variables because 68 Viana 
When each gene has two allelic forms, these expressions are equivalent to those obtained by Cockerham (1954) .
Correlation between number of genes that increase the trait expression and components of the genotypic value When considering two genes with independent assortment, both with two alleles, and a population in Hardy-Weinberg and linkage equilibrium, the expectation and the variance of the number of genes that increase the trait expression (N) are:
The covariances between the number of genes that increase the trait expression and the components of the genotypic value are: 
where A rs and D rs are the additive and due to dominance genetic values of the genotype containing r and s copies, respectively, of the genes of loci A and B that increase the trait expression, 
Considering k genes, the correlations between the number of genes that increases the trait expression and the components of the genotypic value are: Thus, of the components of the genotypic value, only the additive genetic value correlates with the number of favorable genes that an individual possesses (the correlation between the number of genes that decreases the trait expression and A has the same magnitude and opposite sign to ρ N,A ). In the presence of dominance and epistasis or only dominance, the correlation between the number of favorable genes and the genotypic value is less than the correlation between the number of favorable genes and A. Thus, the additive genetic value is generally the best indicator of the number of favorable genes present in an individual. When considering one gene, ρ N,A is equal to 1, with complete dominance, partial dominance or in the absence of dominance, or equal to 1 or -1, with overdominance, depending on the gene frequencies, since the average effect of a gene substitution may be negative (Falconer and Mackay, 1996) . Therefore, regardless of the gene frequencies and the degree of dominance, in non-inbred populations the genetic values due to dominance, additive x additive, additive x dominant, dominant x additive and dominant x dominant, among other more complex epistatic values, cannot be used to indicate the number of favorable genes present in an individual.
Based on the values of the correlation between N and A considering three genes (Table 1) , assuming a i = a, for all i, it can be inferred that, regardless of the number of genes and of the gene frequencies, the lower the degree of dominance, the greater the linear association between the number of favorable genes and the additive genetic value. The correlation is of low magnitude or negative only in the case of overdominance and when the frequencies of the dominant genes are high. The correlation values should be high in the most complex polygenic systems, if there is no overdominance. For example, regardless of the number of genes, assuming that for 15%, 25%, and 60% of the loci the frequency of the dominant genes is low (0.1), intermediate (0.5) or high (0.9), respectively, and where in 2%, 70%, 20% and 8% of these loci overdominance (d/a = 2), complete dominance (d/a = 1), partial dominance (d/a = 1/2) and absence of dominance applies, the correlation value is 0.86. Assuming that the frequencies of the dominant genes are low (0.1), intermediate (0.5) and high (0.9), the correlation values are, respectively, 0.94, 1 and 0.45. The value of 0.45 is a consequence of the 2% of the genes with overdominance because, by altering the degree of dominance in these loci to complete dominance, the correlation value increases to 0.83.
The consequence of the absence of correlation between the additive x additive epistatic genetic value and the number of favorable genes is that, also in the presence of epistasis, the efficiency of mass selection is proportional to the correlation between the phenotypic value of the individual, the value used in the selection, and its additive genetic value. This correlation is equal to the square root of the narrow-sense heritability at the individual level (Viana, 2002) . If the selection units are half sib families, the efficiency of among-family selection is proportional to the correlation between the mean phenotypic value of the progeny and the additive genetic value of the common parent, that is equal to the square root of the narrow-sense heritability at the family level (Viana, 2002) , because the correlation between the number of genes that increase the trait expression in the common parent (N) and the mean frequency of these genes in the family (p) is: 70 Viana Table 1 -Correlations between the number of genes that increase the trait expression (N) and the additive genetic value (A) and the genotypic value (G; assuming absence of epistasis), considering three genes, different populations (p is the frequency of the dominant gene) and four degrees of dominance. 
(The correlation considering the number of genes that decreases the expression of the trait is -1). When the selection units are full sib families, the efficiency of among-family selection is proportional to the correlation between the mean phenotypic value of the progeny and the mean of the additive genetic values of the parents, that is equal to the square root of the narrow-sense heritability at the family level (Viana, 2002) , because the correlation between the mean number of genes that increases the trait expression (N) and the mean frequency of these genes in the family (p) is:
(The correlation considering the number of genes that decrease the trait expression is -1).
In the case of selection within non-inbred families, the efficiency is proportional to the mean of the coefficients of correlation between the phenotypic and the additive genetic values of the individual, as calculated for each family. This is equal to the square root of the narrow-sense heritability at the plant within family level. Therefore, when considering a non-inbred population, the numerator for all narrow-sense heritabilities must be a function of the additive genetic variance, since the genetic values due to dominance and epistasis do not correlate with the number of favorable genes that an individual possesses.
In many situations, depending on the selection unit and on the experimental data, it is only possible to assess the efficiency of a selective process from the broad-sense heritability, which is equal to the square of the correlation between the phenotypic and genotypic values of the selection unit (Viana, 2002) . In these cases, as this heritability is greater than the corresponding narrow-sense heritability, the efficiency of selection is in general overestimated because of the lower value of the correlation between the genotypic value of the individual and the number of favorable genes present.
With complementary epistasis (Viana, 2004) , only in relation to simpler polygenic systems with up to ten genes, 50% of which interact, and in populations with intermediary frequencies of the dominant genes, the correlation between the number of genes that increase the trait expression and the genotypic value of the individual assumes a value equal or superior to 0.7. (Table 2 ). Regardless of the type of epistasis, ρ N,A = 1, assuming p i = p for all i. In the case of duplicate epistasis (Viana, 2004) , only for polygenic systems with up to 100 genes, of which at most 20% interact, and in populations with low frequencies of the dominant genes, the correlation value is greater than or equal to 0.7. Dominance, epistasis, heritabilities and expected genetic gains 71 Table 2 -Correlation values between the number of genes that increase the trait expression and the genotypic value of the individual, considering four types of epistasis, for different polygenic systems (k is the number of genes and k' is the number of genes that interact) and populations (p is the frequency of the dominant genes). Admitting dominant and recessive epistasis of a gene with the other (k' -1) and complementary interaction for the other k'(k' -1)/2 pairs (Viana, 2004) , where k' is the number of genes that interact, the correlation value tends to be greater than or equal to 0.7 only in simpler genetic systems (with up to 10 genes, of which at most 50% interact, and in populations with low to intermediate frequencies of the dominant genes). Assuming duplicate genes with cumulative effects (Viana, 2004) , the correlation will also be greater than or equal to 0.7 in genetic systems with up to 10 genes, of which at most 50% interact, and in populations with intermediate frequencies of the dominant genes. The correlation values in the case of duplicate genes with cumulative effects were obtained by assuming, for each pair of interacting genes, that the parameter a is equal to the epistatic genetic value of the homozygote for the genes that decrease the trait expression (Viana, 2004) . Generally, the correlation is inversely proportional to the relation between a and that epistatic value. When considering a i ≈ a for all i, the correlation values with recessive epistasis are close to those with complementary epistasis; the values with dominant epistasis are close to those with duplicate gene action; and the values with non-epistatic gene interaction are close to those with duplicate genes with cumulative effects. If there is dominance, but no epistasis, the lower the degree of dominance, the closer the ρ N,G and ρ N,A values (Table 1) . Except for the gene systems with predominantly overdominance interaction and in populations with high frequencies of the dominant genes, the values are close, indicating that, generally, it is not problematic to assess the efficiency of selection of individuals and progenies based on the broad-sense heritability. The predicted genetic gain, however, will have an additional bias, proportional to the variance due to dominance.
When there is digenic epistasis, if the selection units are half sib progenies, the additive variance of the additive-dominant model is: where σ Gw 2 is the within family genotypic variance. Regardless of the type of epistasis, the bias in the estimation of the additive variance tends to be considerable (Table 3 ). The very high magnitudes are mainly the reflection of the assumption of equality of the gene frequencies at all the loci. The values are generally lower when two genes and different gene frequencies are considered (Table 4) . With complementary, recessive, and dominant and recessive epistasis, duplicate genes with cumulative effects and non-epistatic gene interaction, the bias is generally less than 10% only in simple polygenic systems, with up to ten genes, of which at most 20% interact, and in populations with intermediate to high frequencies of the dominant genes. In the case of duplicate gene action and dominant epistasis, the bias is only less than 10% for simpler polygenic systems, with up to ten genes, of which at most 20% interact, and in populations with low frequencies of the dominant genes. Consequently, the narrow-sense heritabilities at the half sib family mean, plant within family and plant levels are overestimated. With full sib families, the narrow-sense heritabilities at the progeny mean, individual within family and individual levels are underes- 72 Viana timated. The predicted gains will, therefore, have an additional bias, proportional to that of the heritability. 
